An increase in transmitter release accompanying long-term sensitization and facilitation occurs at the glutamatergic sensorimotor synapse of Aplysia. We report that a long-term increase in neuronal Glu uptake also accompanies long-term sensitization. Synaptosomes from pleural-pedal ganglia exhibited sodium-dependent, high-affinity Glu transport. Different treatments that induce longterm enhancement of the siphon-withdrawal reflex, or long-term synaptic facilitation increased Glu uptake. Moreover, 5-hydroxytryptamine, a treatment that induces long-term facilitation, also produced a long-term increase in Glu uptake in cultures of sensory neurons. The mechanism for the increase in uptake is an increase in the V max of transport. The long-term increase in Glu uptake appeared to be dependent on mRNA and protein synthesis, and transport through the Golgi, because 5,6-dichlorobenzimidazole riboside, emetine, and brefeldin A inhibited the increase in Glu uptake. Also, injection of emetine and 5,6-dichlorobenzimidazole into Aplysia prevented long-term sensitization. Synthesis of Glu itself may be regulated during long-term sensitization because the same treatments that produced an increase in Glu uptake also produced a parallel increase in Gln uptake. These results suggest that coordinated regulation of a number of different processes may be required to establish or maintain long-term synaptic facilitation.
T
he sensorimotor synapse of Aplysia has proven particularly useful for the study of the cellular and molecular mechanisms of long-term facilitation as well as several other types of neural plasticity (1) (2) (3) . Thus far, several neuronal properties have been implicated in long-term memory, including modulation of membrane currents, regulation of transmitter release, and changes in morphology (4) (5) (6) (7) (8) (9) (10) (11) . All of these long-term changes are dependent on both transcription and translation (5, 12, 13) . Given that transmitter release is increased during long-term facilitation, one question that arises is whether other long-term presynaptic changes such as transmitter uptake and synthesis are coordinated with increased transmitter release.
An increasing body of evidence indicates that the excitatory transmitter of the sensorimotor synapse is Glu (14) (15) (16) (17) (18) (19) . Glu transporters are poised to impact synaptic efficacy significantly because the uptake of transmitter represents a major mechanism whereby neurotransmission is terminated and neurotransmitter is recycled (20) (21) (22) . Inhibiting basal Glu uptake affects the amplitude and duration of postsynaptic potentials and currents at a number of different synapses including the sensorimotor synapse of Aplysia (19, (23) (24) (25) (26) (27) . In addition, blockade of Glu uptake immediately after aversive training blocks the expression of long-term memory in the newborn chick (28) . These findings demonstrate that Glu uptake is important for normal synaptic function and suggest Glu uptake may be involved in expression of plasticity at glutamatergic synapses. Thus, we hypothesized that the increased release of transmitter at the sensorimotor synapse during facilitation is accompanied by an increase in Glu uptake.
Materials and Methods
Aplysia californica (100-150 g) were obtained from Marinus (Long Beach, CA) and Alacrity Marine Biological (Redondo Beach, CA). They were maintained at 15°C under 12-h light/12-h dark and fed every 2-3 days. Animals were in the lab for 3 days before use. Experiments investigating duration of siphon withdrawal after long-term sensitization training or exposure to 5-hydroxytryptamine (5-HT; serotonin) in vivo were performed as described (6, 11) .
Uptake was measured by using a synaptosomal preparation derived from pleural-pedal ganglia as described ( Fig. 3A; ref. 29) . Animals were anesthetized with an injection of isotonic MgCl 2 . Pleural-pedal ganglia were removed and trimmed of excess connective tissue. Synaptosomes were immediately prepared as the uptake activity declined with time of ganglia in culture. Each experiment involved synaptosomes from 8-10 ganglia. In experiments on Na ϩ dependency of uptake, the Na free seawater. Synaptosomes were then centrifuged (16,000 ϫ g) for 5 min. The pellet was rinsed three times with 4°C Ca 2ϩ -free seawater and dissolved directly in scintillation fluid to determine total Glu uptake. Uptake was normalized to total protein.
The enrichment of synaptosomes was verified via immunoblot of synaptophysin, a nerve terminal protein (30) , and Ag, a glial protein (31) . Whole fractions and their pellets were solubilized in 1% SDS and diluted in a 3X loading dye (Bio-Rad). Proteins were separated by 12% SDS͞PAGE, transferred to a poly(vinylidene difluoride) (Bio-Rad) membrane, blocked with 5% dry milk (Carnation, Glendale, CA), and blotted with either a mAb against synaptophysin (SY38, 0.7 g͞ml, Boehringer Mannheim) or an affinity-purified polyclonal antiserum against Ag (fraction 4, 1:5,000, a gift from I. Levitan, University of Pennsylvania, Philadelphia). Immunoreactivity was visualized with a chemiluminescent detection system (enhanced chemiluminescence, Amersham International). The horseradish peroxidase-conjugated secondary antibodies used (Jackson ImmunoResearch, 1:20,000) were donkey anti-mouse (Synaptophysin) or donkey anti-rabbit (Ag).
Ag is a secreted glial protein in Aplysia (31) . To ensure that the immunoblotted Ag was contained within glia or glial fragments, all fractions were exposed to proteinase K [Sigma; 0.125 mg͞ml in artificial seawater: 395 mM NaCl͞28 mM Na 2 SO 4 ͞10 mM KCl͞50 mM MgCl 2 ͞10 mM CaCl 2 ͞10 mM Tris⅐HCl (pH 8)] to eliminate extracellular protein. The synaptosomal fractions were diluted with an equal volume of proteinase K solution, and incubated at 20°C for 0.5 h. The reaction was then incubated at 4°C for 15 min with PMSF (5 mM, Sigma) to inactivate proteinase K.
Uptake of Glu by synaptosomes was characterized with Glu uptake inhibitors: DL-threo-␤-hydroxyaspartate (THA, Sigma), pyrrolidine-dicarboxylic acid (Research Biochemicals, Natick, MA), and aminocyclobutane-dicarboxylic acid (Sigma). All drugs were dissolved in 1 N NaOH to a final concentration of: 134 mM THA͞628 mM pyrrolidine-dicarboxylic acid͞251 mM aminocyclobutane-dicarboxylic acid. Final solutions were made by adding the drug solution and an equal volume of 1 N HCl to Ca 2ϩ -free seawater in which the salt concentrations and pH were modified to compensate for the addition of the volume of drug solution.
Glu uptake was measured in sensory neurons cultured as described (32, 33) at a density of 20-70 neurons per dish. Neurons were allowed to grow for 5 days before use in a medium consisting of equal parts isotonic L-15 and hemolymph. To measure uptake, the medium was replaced with artificial seawater [395 mM NaCl͞28 mM Na 2 SO 4 ͞10 mM KCl͞50 mM MgCl 2 ͞10 mM CaCl 2 ͞30 mM Hepes (pH 7.65)]. After rinsing with artificial seawater, cultures were incubated in 2 ml of 10 M [ 14 C]Glu at 15°C for 30 min. Uptake was terminated by rinsing in 4°C seawater. Excess solution was quickly removed with a KimWipe, and cells and their processes were lifted from the culture plate with scintillation fluid. Glu uptake was normalized to the number of sensory neurons on the culture dish.
Glu uptake was also studied in groups of 10 isolated pleuralpedal ganglia. After trimming, pleural-pedal ganglia were randomized and placed into a solution consisting of two parts isotonic L-15, one part hemolymph, and one part buffered seawater [Instant Ocean seawater with 30 mM Hepes (pH 7.65)] (32) for 2 h before the experimental treatments began.
Data on duration of siphon withdrawal 24 h after treatment with 5-HT, Glu uptake after treatment with 5-HT and electrical stimulation (Fig. 2) , and the effects of brefeldin A on Glu uptake (Fig. 6 ) were analyzed with a one-way ANOVA. Post hoc analysis was performed by using the T-Method of unplanned comparisons (Fig. 2) , and the Tukey-Kramer procedure (Figs. 4A, 5, and 6). Fractional differences in the increase in uptake caused by 5-HT treatment were analyzed by using Student's t test (Fig. 3C) .
Comparison of Lineweaver-Burk plots was done with an analysis of covariance (Fig. 1) . In all tests, significance was set at P Յ 0.05.
Results
Characterization of Glu Transporter. The synaptosomal preparation (P3) from pleural-pedal ganglia exhibited high-affinity Glu uptake ( Fig. 1, solid line) . Lineweaver-Burk analysis of the observed Glu uptake demonstrated a transporter with K m ϭ 5 M and V max ϭ 255 fmol͞g͞min ( Fig. 1 Inset) , values similar to those measured in other systems (34) . Elimination of sodium from the extracellular medium inhibited Glu uptake (10 M) by 98 Ϯ 5% (SEM, n ϭ 4).
The effects of several known Glu uptake inhibitors were measured. The inhibitors, which are all conformational analogues of Glu, were: THA, pyrrolidine-dicarboxylic acid, and aminocyclobutane-dicarboxylic acid. The relative potencies of these drugs to inhibit uptake into synaptosomes were (IC 50 ): 0.03 mM THA Ͼ 0.3 mM pyrrolidine-dicarboxylic acid Ͼ 1.0 mM aminocyclobutane-dicarboxylic acid. The efficacy of THA was also tested in intact ganglia, with an estimated IC 50 of 6 mM.
Several reasons may account for the difference in IC 50 s for THA measured in synaptosomes and whole ganglia. The connective tissue sheath of the ganglia may present a diffusional barrier. In addition, Glu uptake by whole ganglia is via two different populations of transporters as assessed by Lineweaver-Burk analysis (data not shown), which may influence the ability of the drug to inhibit Glu uptake.
Regulation of Glu Transporters. To study the regulation of Glu uptake, animals were exposed to one of two different treatments that enhance the siphon withdrawal reflex. The first treatment examined was an in vivo treatment of 5-HT, which produces long-term facilitation. Elimination of 5-HT blocks induction of long-term sensitization (35, 36) . In vivo treatment of Aplysia with 5-HT elicits molecular changes associated with long-term sensitization and facilitation (37) (38) (39) , and elevates the concentration of 5-HT in the hemolymph to M levels (40) which are known to cause facilitation of the sensorimotor synapse in vitro. Bathing an animal with 500 M 5-HT for 1.5 h produced a 140% increase in Glu uptake 24 h after treatment (n ϭ 5) and a much smaller increase immediately after the treatment (n ϭ 4) (Fig. 2 , F ϭ 3.9, df ϭ 22, P Ͻ 0.02). Treatment with 250 M 5-HT in vivo also increased Glu uptake, but the increase in Glu uptake 24 h after 250 M 5-HT was much less than the increase produced by 500 M 5-HT ( Fig. 2 ; P Ͻ 0.05). In a set of parallel control experiments, the effect of in vivo 5-HT treatments was investigated on duration of siphon withdrawal; 500 M 5-HT significantly increased the duration of siphon withdrawal 112 Ϯ 25% 24 h after treatment (F ϭ 12.2, df ϭ 11, P Ͻ 0.002), but 250 M 5-HT did not appear to significantly change the duration of the reflex response (32 Ϯ 9%). Thus, the long-term effects of the two different concentrations of 5-HT on Glu uptake correlated with their effects on behavior.
Long-term sensitization of the siphon withdrawal ref lex is classically produced by electrical stimulation applied to one side of the body wall (6, 11) . Sensitization training led to a significant long-term (24 h) increase (120%) in Glu uptake in synaptosomes obtained from pleural-pedal ganglia from the trained side of the animal compared with control synapto- somes obtained from contralateral ganglia on the untrained side of the animal ( Fig. 2 ; n ϭ 5, P Ͻ 0.05). We confirmed in parallel experiments that electrical stimulation produced unilateral sensitization (Fig. 5) . Thus, two different treatments (5-HT and electrical stimulation) which induced a long-term enhancement of the siphon-withdrawal reflex significantly increased Glu uptake in synaptosomes.
Site of Transporter Regulation. To investigate whether the increase in Glu uptake was caused by glial or neuronal uptake (34), we compared the relative abundance of glia and nerve terminals with the effects of 5-HT on Glu uptake in two different fractions generated by the synaptosomal isolation technique (Fig. 3A) . Immunoblots for the Aplysia glial-specific protein Ag were performed (31) to determine the presence of glia and immunoblots for synaptophysin were used to assess the presence of nerve terminals (30) . Densitometric analysis indicated that Ag was 10-fold enriched in P2 (cellular fraction pellet) relative to P3 (synaptosomal fraction pellet) (Fig. 3B, n ϭ 3) . In contrast, synaptophysin was threefold enriched in P3 relative to P2 (Fig.  3B, n ϭ 4) .
If the increase in Glu uptake after 5-HT was caused by an increase in glial uptake, then the increase in Glu uptake should be larger in the P2 fraction than the P3 preparation. Conversely, if the increase in Glu uptake was caused by neuronal uptake, then the increase in Glu uptake should be larger in the P3 than the P2 preparation. As previously observed, Glu uptake was significantly increased in P3 (n ϭ 8), the synaptosomal preparation, 24 h after treatment with 5-HT (Fig. 3C , t ϭ 5.9, df ϭ 11, P Ͻ 0.0002). However, no change in Glu uptake 24 h after treatment with 5-HT was observed in P2 (n ϭ 5), the cellular preparation which contained the most glia (Fig. 3C) . The absence of any effect in the cellular fraction was surprising, because the cellular fraction has been shown to contain more total synaptosomes than the synaptosomal fraction (29) . The specific activity of Glu uptake in the cellular fraction is double that of the synaptosomal fraction (cellular, 520 fmol͞g͞min; and synaptosomal, 237 fmol͞g͞min). However, as indicated by our Western blots and other studies (29) , glial and other nonsynaptic membrane is highly abundant in the cellular fraction. Therefore, absence of an effect in the cellular fraction is most likely caused by a masking effect of glial uptake. Because the synaptosomal fraction has little glial membrane and is enriched in presynaptic membrane (Fig. 3B) , the increase in Glu uptake characterized in synaptosomes obtained from treated animals was most likely caused by an increase in neuronal, rather than glial Glu uptake. It is possible that the cellular compartments which were purified by synaptosomal isolation technique contained glial or other cellular elements which did not express Ag or synaptophysin. Therefore, we used cultures of isolated sensory neurons to investigate whether 5-HT could elicit an increase in Glu uptake specifically in sensory neurons.
The effect of 5-HT on Glu uptake was measured in individual cultures of sensory neurons. No other cell types were present in Fig. 2 . Glu uptake is regulated by 5-HT and sensitization training. Glu uptake was measured from synaptosomes immediately and 24 h after a 1.5-h treatment in vivo with either 250 or 500 M 5-HT, or long-term sensitization training (electrical stimulation). Immediately after treatment with either 250 (n ϭ 7) or 500 M 5-HT (n ϭ 4), Glu uptake was modestly increased. However, 500 M 5-HT (n ϭ 5) and sensitization training (n ϭ 5) had a large, significant effect on uptake 24 h after treatment. The effects of 500 M 5-HT and sensitization training were significantly larger than the effect of 250 M 5-HT 24 h after treatment (n ϭ 4). All increases in Glu uptake were significantly different from no change. An asterisk (*) indicates the change in uptake was significantly (P Ͻ 0.05) different from the effect of 250 M 5-HT. Fig. 3 . Increases in Glu uptake were caused by neuronal Glu transporters. Glu uptake in two fractions generated by the synaptosomal isolation technique and in cultured sensory neurons was studied to determine if increases in Glu uptake were neuronal or glial. (A) A flow chart of the isolation technique for the synaptosome (P3) and cellular (P2) preparations. (B) Immunoblots of P2 (Left) and P3 (Right) preparations for Ag, a glial protein, and synaptophysin, a nerve terminal protein. Ag is at least tenfold enriched in the cellular (P2) relative to the synaptosomal (P3) preparation (n ϭ 3). Synaptophysin is enriched at least threefold in the P3 relative to the P2 preparation (n ϭ 4). Only one immunoreactive band was seen for both Ag and synaptophysin. Analysis of the Coomassie-stained transferred gel was used to verify equal protein loading. (C) Glu uptake in the P2 and P3 preparations 24 h after treatment in vivo with 500 M 5-HT. Glu uptake was increased in the synaptosomal (n ϭ 8), but not the cellular preparation (n ϭ 5). There was a significant increase in Glu uptake by cultured sensory neurons 24 h after treatment with 5-HT (n ϭ 4). the cultures. Sensory neurons exhibited sodium-dependent Glu uptake (data not shown). Treatment of the cultures with 50 M 5-HT for 1.5 h produced a significant 130% increase in Glu uptake 24 h after the treatment ( Fig. 3C ; df ϭ 3, P Ͻ 0.05). Thus, 5-HT can produce an increase in Glu uptake in sensory neurons.
Specificity of Transporter Regulation. The increase observed in synaptosomal Glu uptake after exposure to 5-HT or sensitization training could be caused by an increase in sodium-dependent or sodium-independent uptake. We found that Glu uptake in the absence of extracellular sodium was unaffected by in vivo 5-HT treatments ( Fig. 4A ; t ϭ 1.31, df ϭ 5, P Ͻ 0.25). Therefore, long-term increases in Glu uptake produced by 5-HT were caused by sodium-dependent uptake mechanisms.
To investigate the possibility that transport of amino acids other than Glu was regulated, uptake of Leu and Gln was examined. Leu serves as a marker for general amino acid uptake because it is not transported via a high-affinity transporter. Leu uptake was unaffected by treatments in vivo with 5-HT ( Fig. 4A ; t ϭ 0.50, df ϭ 3, P Ͻ 0.65).
In the central nervous system, glia take up Glu and convert it to Gln via glutamine synthetase, an enzyme which is also found in Aplysia glia (41) . Gln is then released by glia and taken up by neurons as a precursor for synthesis of Glu or as an energy source. We found that Gln uptake was significantly increased 150% by treatment with 5-HT ( Fig. 4A; t ϭ 3 .25, df ϭ 5, P Ͻ 0.05). Regulation of Gln transport appeared to be neuronal because the effect of 5-HT on Gln uptake was observed only in the P3 preparation (see above) and not in the P2 preparation (P2 ϭ Ϫ20.38 Ϯ 10.53%, t ϭ 1.94, df ϭ 2, P Ͻ 0.20). The increase in synaptosomal Gln uptake could be caused by the increase in activity of the Glu transporter. However, Gln uptake was not inhibited by molar excess Glu (Fig. 4B) . In addition, Glu uptake was not inhibited by molar excess Gln (Fig. 4C) . These results indicate that Glu and Gln transporters are different entities.
Mechanism of Regulation.
To determine whether the K m or V max of the Glu transporter was affected by 5-HT, animals were treated with 5-HT and the kinetics of Glu uptake from synaptosomes were measured. The V max of Glu uptake was significantly increased approximately threefold 24 h after treatment with 500 M 5-HT (795 fmol͞g͞min, Fig. 1, dashed line; F ϭ 3 .72, df ϭ 90, P Ͻ 0.05). However, the K m for Glu uptake (6 M) was not significantly different from control values (5 M) (t ϭ 0.53, df ϭ 90, P Ͻ 0.8).
Increases in V max could be caused by insertion of transporters into the plasma membrane which were cytosolic before induction of long-term sensitization (42) , or newly synthesized transporters could be added to the membrane via movement through the Golgi and transport to the nerve terminal (43) (44) (45) . The time course of the increase in Glu uptake suggested synthesis of new proteins and their subsequent transport to the nerve terminal (Fig. 2) . To test this hypothesis, animals were injected with emetine (1 ml, 9 mM͞140 g body weight), a protein synthesis inhibitor, or DRB (3 ml, 2 mM͞100 g body weight), a mRNA synthesis inhibitor (46) , before receiving long-term sensitization training. The experimentor who measured the duration of siphon withdrawal was blind to the side that received electrical stimulation and the solution which was injected into the animal. Injection of emetine into an intact Aplysia has previously been shown to inhibit protein synthesis within 0.5 h by greater than 90% in pleural-pedal ganglia (40) . Injection of DRB inhibited RNA synthesis by 50 Ϯ 7% (SEM, n ϭ 3) within 0.5 h as assayed by incorporation of uridine into trichloroacetic acid-precipitable material (46) . Long-term sensitization training increased by 130% the duration of siphon withdrawal elicited from the side of the animal which received the training (Fig. 5) , but not the contralateral side (5 Ϯ 3%, n ϭ 5). Injection of animals with emetine or DRB 30 min before electrical stimulation significantly inhibited sensitization of the siphon withdrawal reflex ( Fig. 5 ; df ϭ 10, P Ͻ 0.05). Duration of the siphon withdrawal elicited from the untreated side of the animal was not affected by emetine (6 Ϯ 3%, n ϭ 3) or DRB (14 Ϯ 20%). The large increase in Glu uptake normally seen 24 h after sensitization training (Fig. 3B, replotted in Fig. 5 ) was significantly inhibited by injection of emetine (n ϭ 4) or DRB (n ϭ 3) before electrical stimulation ( Fig. 5, P Ͻ 0.05) . Emetine or DRB injection alone did not affect basal Glu uptake [(in fmol͞g͞min) control, 469 Ϯ 84; emetine, 435 Ϯ 29; DRB, 400 Ϯ 40] suggesting that synaptic Glu transporters have a relatively slow turnover rate. These results indicate that synthesis of mRNA and protein is required for the increase in Glu uptake. However, because both mRNA and protein synthesis are required for induction of long-term facilitation, the requirement for protein and mRNA synthesis may occur at earlier steps and not the synthesis of new transporters.
To further investigate the possible role of Glu transporter synthesis, isolated pleural-pedal ganglia were exposed to 5-HT and then brefeldin A, a specific inhibitor of endoplasmic reticulum-Golgi transfer (47) which has no effect on delivery of glucose transporters to the plasma membrane by exocytosis (48). The increase in synaptosomal Glu uptake produced by 500 M 5-HT (n ϭ 12) was not observed when sodium was removed from the extracellular media (n ϭ 6). Synaptosomal uptake of Leu was not affected by 5-HT in vivo (n ϭ 4). Synaptosomal Gln uptake was significantly increased by 5-HT in vivo (n ϭ 6). (B) Gln uptake was inhibited by excess Gln, but not by excess Glu, indicating that Gln uptake was through a Gln transporter. (C) Glu uptake was inhibited by excess Glu, but not by excess Gln, indicating that Glu uptake was through a Glu transporter.
Treatment of isolated pleural-pedal ganglia with 50 M 5-HT induced an increase in synaptosomal Glu uptake 24 h after treatment ( Fig. 6 ; F ϭ 4.17, df ϭ 23, P Ͻ 0.01). Treatment of pleural-pedal ganglia with brefeldin A inhibited the increase in Glu uptake caused by 5-HT (Fig. 6 , n ϭ 5, P Ͻ 0.05). Treatment with brefeldin A alone did not change Glu uptake, providing further evidence that synaptic Glu transporters have a slow turnover rate (Fig. 6, n ϭ 5) . Together, the results obtained with emetine and brefeldin A suggest that long-term regulation of Glu transporters may involve synthesis of new transporters and their transfer through the Golgi. It should be noted that brefeldin A has been shown to inhibit long-term potentiation in area CA1 of the hippocampus 3 h after induction (49) ; therefore, brefeldin A may inhibit the increase in Glu uptake by blocking an induction event involved in the pathway responsible for long-term regulation of Glu uptake. Further work is required to distinguish between the possible mechanisms of action of DRB, emetine, and brefeldin A on long-term regulation of Glu uptake.
Discussion
Treatments that induce long-term facilitation or behavioral sensitization increased neuronal Glu uptake. This increase in Glu uptake occurred in sensory neurons and appears to be caused by an increase in the number of Glu transporters. An increase in the number of transporters could be caused by insertion of additional transporters at existing sensorimotor synapses (42) (43) (44) (45) , an increase in the size or number of synapses (7, 8) , or a combination of these possibilities. First, 1 day of sensitization training, which is what was used in our experiments, does not induce significant morphological change in sensory neurons of the abdominal (7, 8) or pleural-pedal ganglia (50) . Morphological change has only been observed after 4 days of sensitization training (7, 8, 50) . Second, in our synaptosomal preparation, results are normalized for protein, potentially removing any increase that may be caused by addition of new terminals. However, the small amount of protein new terminals would contribute and the heterogeneity of the synaptosomal preparation (29) make it difficult to exclude the possibility that growth of new synapses partially contributes to the increase in synaptosomal Glu uptake. Finally, although application of 5-HT does not increase the number of varicosities in isolated sensory neurons (10), we observed changes in uptake in isolated sensory neurons. It should be noted that the concentration of 5-HT used in the aforementioned study was 10 times lower than the concentration used in our study. Thus, it is possible that growth might account for a portion of the increase in Glu uptake we observed in neuronal cultures. Altogether, it seems as if the increase in Glu uptake and the number of transporters in the membrane we observed was not caused by growth of new terminals. However, we cannot rule out that growth may partially account for the increase in Glu uptake.
Termination of neurotransmission at glutamatergic synapses occurs via diffusion and the action of synaptic Glu transporters (20, 21) . Long-term facilitation of the sensorimotor synapse of Aplysia is caused, in part, by an increase in the release of neurotransmitter which appears to be Glu (9, (14) (15) (16) (17) (18) (19) . Increases in Glu uptake concomitant with increases in Glu release may have several important functions. Increasing Glu uptake could prevent extrasynaptic diffusion of Glu from active synapses (51) . Diffusion of Glu outside of the synaptic cleft may activate presynaptic metabotropic receptors (52) (53) (54) or Glu receptors within neighboring synapses (51) . The activity of Glu transporters may also impact the duration of the excitatory postsynaptic potential (19, 55) . More importantly, increases in Glu uptake may act to prevent depletion of transmitter and͞or desensitization of synaptic Glu receptors (22, 27, (56) (57) (58) (59) (60) (61) (62) , and may also supply additional Glu for energy metabolism. Thus, Glu transporters may play an important role in maintaining an increased efficacy of transmission at glutamatergic synapses.
The increase in Gln uptake may serve several functions. Increased release of Glu caused by facilitation of neurotransmitter release may require increased production of Glu from Gln to maintain the neurotransmitter pool. Gln also could be used for production of energy via the tricarboxylic acid cycle and may serve as a source of nitrogen for the biosynthesis of several nitrogen-containing compounds. Finally, some studies have implicated Gln in the synthesis of nitric oxide via Arg. ¶ NO has been implicated in several examples of neuronal plasticity (63) (64) (65) (66) (67) Emetine and DRB block long-term sensitization and the long-term increase in Glu uptake. Electrical stimulation applied to one side of an animal induced long-term sensitization of the siphon withdrawal reflex 24 h after stimulation (F ϭ 12.98, df ϭ 13, P Ͻ 0.0005). Injection of emetine (n ϭ 3) or DRB (n ϭ 3) into Aplysia 30 min before electrical stimulation significantly inhibited the appearance of long-term sensitization (P Ͻ 0.05). The long-term increase in Glu uptake produced by electrical stimulation (n ϭ 5) was significantly inhibited by injection of emetine (n ϭ 4, P Ͻ 0.05) or DRB (n ϭ 3, P Ͻ 0.05).
Fig. 6.
Brefeldin A blocks the long-term increase in Glu uptake. Synaptosomal Glu uptake was significantly increased 24 h after treatment of pleuralpedal ganglia with 5-HT in vitro (n ϭ 7). Exposure to brefeldin A (18 M) for 24 h, beginning immediately after the treatment blocked the increase in Glu uptake (n ϭ 5). Brefeldin A treatment alone had no effect on Glu uptake (n ϭ 5).
Regulation of the Glu and Gln transporters by treatments which cause long-term sensitization in Aplysia indicate that neurotransmitter uptake and synthesis may be important for expression of plasticity and therefore be coregulated with transmitter release. In support of this hypothesis, results indicate that regulation of Glu uptake also occurs in area CA1 of the hippocampus during long-term potentiation (68) . Thus, regulation of Glu uptake during increases in synaptic efficacy such as long-term facilitation in Aplysia and long-term potentiation in mammals may be a phylogenetically conserved phenomenon. Moreover, these transporters provide new molecular correlates which can now be used to study mechanisms involved in longterm changes related to the formation of memory. Our findings present an opportunity to study the long-term regulation of neurotransmitter transporters because relatively little is known regarding these mechanisms in either long-term memory or other instances such as neurodegenerative disorders (69) or severe brain trauma (70) , where regulation of transporters seems to be involved.
